Abstract: Sample preparation methods for non-separation cold vapor atomic absorption spectrometry (CVAAS) sequential inorganic mercury speciation in biological certified reference materials (CRMs) were investigated. The methylmercury concentration was calculated as the difference between total and inorganic mercury. Microwave-assisted decomposition method, and three ultrasonic extraction procedures based on acid leaching with HCl and HCOOH and solubilization with TMAH were employed as sample preparation methods.
Introduction
Mercury (Hg) is one of the most hazardous pollutants in the environment. It is exists in the environment in inorganic (elemental mercury (Hg 0 ) and (Hg 2+ )) and organomercury forms. The study of methylmercury (CH 3 Hg + ) is particularly important due to its high toxicity and abundance among organomercury species in the environment. As a result, more sensitive, accurate and rapid analytical techniques are required to monitor Hg species in different environmental and biological samples [1, 2] .
The determination of Hg in environmental and biological samples has led to significant progress in the development of analytical measurement techniques. The most popular approach is still the cold vapor generation (CV). This technique consists on the mineralization of mercury species to Hg 2+ through acidic attack and the reduction to the element reaction with SnCl 2 or NaBH 4 [3] . On the other hand, a variety of detection techniques combine a separation technique with element-specific detection, such as longpath quartz tube atomic absorption spectrometry (AAS), atomic fluorescence spectrometry (AFS) and in situ collection of the cold vapor coupled to an electrothermal atomizer for AAS. The information of organic and inorganic forms of mercury could also be obtained with this same instrumentation using different reducing agents with different reducing powers. Currently, the complexity and high cost of this instrumentation have led to the use of a number of non-separation speciation schemes for mercury speciation employing CVAAS
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Evaluation of various sample pre-treatment methods for total and inorganic mercury determination in biological certified reference materials by CVAAS technique [4] [5] [6] . A common indirect speciation approach is the subtraction of inorganic mercury from its total fraction. Without any prior decomposition procedure, inorganic mercury is selectively determined, otherwise total mercury is determined.
Experimental Procedure

Instruments and apparatus
The analyses were carried out with a mercury analyser (Model Aula-254, Mercury Instruments, GmbH, Karlsfeld, Germany) for Hg measurement. A mercury electrodeless low pressure discharge lamp was used as the radiation source. Peak absorbance of the transient signal was chosen for quantification. Instrumental parameters were set up as follows: lamp intensity, 4-20 mA; wavelength, 253.7 nm; spectral bandpass, 0.4 nm; quartz cell temperature, 50 o C; measurement mode, peak height. Deuterium lamp background correction was used during the whole analysis. A thermoelectric gas dehumidifier and heating of the optical cell eliminated the moisture and prevented interferences from water vapor. A general view of the CVAAS system applied in this experiment is shown in Fig. 1 .
A UniClever microwave sample preparation system (Plazmatronika, Wrocław, Poland) equipped with highpressure TFM-PTFE vessel was used for sample digestion. The vessel capacity was 110 mL and the maximum pressure and maximum temperature were 100 bar (1 bar = 10 5 Pa) and 300 o C, respectively. A Sonopuls HD 70 ultrasonic cell disruptor/ homogenizer (70 W, 20 kHz, Bandelin, Germany) equipped with a 3-mm titanium microtip was used for Hg extraction processes. Ultrasonic energy irradiation was fixed at any desired level using a power setting in the 10-65 W for 3-mm titanium microtip. Additionally, a centrifuge (Model EBA 20, Hettich, Germany) was employed for phase separation after extraction procedures.
Reagents, chemicals and gases
Compressed argon gas of N-50 purity (99.999%) obtained from BOC GAZY (Poznań, Poland) was employed as the carrier gas without further purification.
Standard solutions of inorganic mercury -Hg 2+ (as HgCl 2 ) were prepared from a 1000 mg mL -1 Hg atomic absorption standard (Titrisol grade, Merck, Darmstadt, Germany) stabilizing with potassium dichromate (5% m/v, GR, Merck). The stock solutions were stored at 4 o C prior to use. All working standard solutions of Hg were The determination of total mercury and its inorganic speciation in biological samples requires careful consideration of sample pretreatment. A substantial number of different methods are currently available for this procedure [2] . There are several approaches that describe the preparation of biological samples prior to the determination of mercury and inorganic mercury species. For example, simple and inexpensive procedures like the use of tetramethylammonium hydroxide (TMAH) and formic acid for sample solubilization have been used with the main atomic spectrometric techniques, including cold vapor atomic fluorescence or absorbance spectrometry (AFS or AAS). However, there is still a deficit of faster and simpler procedure to distinguish between inorganic and other forms of mercury. For speciation of mercury in biological samples, a fundamental step is the sample preparation procedure before CVAAS analysis. Usually, microwaveassisted sample digestion has been recommended. Nevertheless, due to the increasing demand for sample trace element analysis, and the increasing concern for occupational and environmental exposure to mercury, sample preparation procedures with minimal handling and time consumption are highly desirable for environmental laboratories routine analysis.
Therefore, the goal of this work is to develop a simple and reliable procedure that reduced the sample preparation time required for the determination of total and inorganic mercury as well as methylmercury, in biological samples. The organic mercury will be calculated as the difference between the total mercury and the inorganic mercury. For that purpose, the use of an inexpensive, sensitive and reliable speciation ultrasound extraction methods using CVAAS technique are proposed. A microwave-assisted digestion was also applied for sample pre-treatment for comparative purposes. prepared daily to prevent any possible species change, due to dilution of the appropriate stock solution aliquots with high-purity water.
Stannous chloride (10% m/v for Hg 2+ and 2% m/v for total Hg determination), used as a reducing agent, was prepared by dissolving the appropriate mass of stannous chloride dihydrate (Merck) in concentrated hydrochloric acid (32% v/v extra pure, Merck) and by diluting to the desirable volume with ultra-pure water. The hydrochloric acid concentration in the reducing agent was 2 mol L -1 . Additionally, a rinsing solution NH 4 OCl (0.1% (m/v)) was used.
A commercial solution of 25% m/v tetramethylammonium hydroxide (TMAH) (Fluka, Buchs, Switzerland) in water was used to treat samples for alkaline solubilization.
Formic acid (89-91%, GR, Merck) was used to solubilize the biological tissues.
All mineral acids (69% HNO 3 , 32% HCl) and hydrogen peroxide 30% (v/v) of the highest quality (Suprapur, Merck) were used. High-purity water: deionized water (model DEMIWA 5 ROSA, Watek, Czech Republic), and doubly distilled water (quartz apparatus, Bi18, Heraeus, Hanau, Germany) were also used throughout the experiments.
Certified reference materials
Validation of the methods described in this work was performed using three certified reference materials: DORM-2 (Dogfish Liver), DOLT-2 (Dogfish Liver) and TORT-2 (Lobster Hepatopancreas) from the National Research Council of Canada, Ottawa, Canada. The certified reference values are available for mercury, inorganic mercury and methylmercury for assessment of the method accuracy. All solid reference materials were used as bottled, without further grinding and sieving.
Microwave-assisted digestion for total Hg determination
To evaluate the efficiency of the applied extraction procedures, the amount of total mercury, present in certified reference materials, were determined by CVAAS after decomposition with closed microwaveassisted acid digestion, which should ensure complete dissolution of the samples.
Approximately 250 mg of powdered organic reference material was placed in the TFM-PTFE vessel of the microwave digestion system and moistened by 1 mL of 30% H 2 O 2 . Then, 4 mL of concentrated HNO 3 was added. The sample was heated for 20 min at 300 W. After mineralization, the clear digested solution was transferred into 20 mL calibrated flask and diluted to volume with water. Before further analysis this solution was appropriately diluted depending on the concentration level of the element. In all cases, a corresponding blank was also prepared according to the above microwaveassisted digestion procedure.
Ultrasonic extraction procedures
For mercury species, three ultrasonic extraction procedures, adapted from literature [5, [7] [8] [9] , were evaluated. Three extraction solvents: HCl, TMAH and HCOOH were applied. All sonications were performed in continuous (non-pulsed) mode with a 3-mm diameter titanium microtip immersed into the sample solution. A procedural blank was prepared along with the samples for quality assurance purposes.
Ultrasonic HCl extraction
250 mg of sample and 5 mL of 5 mol L -1 hydrochloric acid were placed in centrifuge tube and were sonicated at fixed ultrasound amplitude of 35 W for 5 min. After extraction, the sample solution was centrifuged at 1600 rpm for 15 min. The supernatant was quantitatively transferred into a 10 mL calibrated quartz flask and diluted to the desirable volume with water. Before further analysis this was appropriately diluted depending on the concentration level of the mercury.
Ultrasonic alkaline TMAH extraction
Nominal 250 mg sub-samples of reference material were weighed into 30 mL pre-cleaned polypropylene screw-cupped cups with additional 5 mL of 25% m/v TMAH. Once the 5 min reaction of the sample with the TMAH was completed, 15 mL of water was added. Suspensions were pretreated by sonication at 50 W ultrasonic probe power for 5 min. The final concentration of TMAH in sample solution was 6.25% (m/v). Before further analysis this was appropriately diluted depending on the concentration level of the mercury.
Ultrasonic HCOOH extraction
Nominal 250 mg sub-samples of reference material were weighed into 30 mL pre-cleaned polypropylene screw-capped cups and additional 20 mL of ca. 90% m/v formic acid. Once the 5 min the reaction of the sample with the HCOOH was completed, suspensions were pretreated by sonication at 50 W ultrasonic probe power for 5 min. Before further analysis this solution was appropriately diluted depending on the concentration level of the mercury.
Mercury cold vapor generation 2.6.1. Total mercury determination
To determine the total mercury content, the dried samples (ca. 250 mg) were digested with 4 mL of 69% HNO 3 and 1 mL of 30% H 2 O 2 in a microwave digestion system following the procedure indicated in section 3.1. Total mercury determination, on the digested solution, was performed by the reduction of all organic and inorganic Hg species to volatile Hg 0 with SnCl 2 and detected by AAS. During the analysis, a volume ranging from 0.5 to 2.0 mL of the sample solution, containing the digested reference material, was made up to volume in a 10 mL calibrated flask with water. 10 mL of this solution was placed in the reaction flask for vapor generation. Mercury vapor was generated in 2 mol L -1 HCl medium using 2% (w/v) SnCl 2 reducing agent. The Hg vapor was transferred to the quartz cell by an Ar stream (70 mL min -1 ). The total Hg concentration of the samples was determined by standard addition technique using CVAAS.
Inorganic mercury determination
The inorganic mercury was determined after ultrasonic HCl, TMAH solubilization, and HCOOH extractions following the procedures indicated in sections 3.2.1., 3.2.2. and 3.2.3. For inorganic mercury determination, 0.5 to 3.0 mL of the sample solution containing the supernatant of solubilized tissue, with an additional amount of conc. HCl, was made up to the desirable volume in a 10 mL calibrated flask with water. The HCl concentration in the sample solution was 5 mol L -1 . 10 mL of this solution was placed in the reaction flask for vapor generation. Mercury vapor was generated in 2 mol L -1 HCl medium using 10% (w/v) SnCl 2 reducing agent. The Hg vapor was transferred to the quartz cell by an Ar stream (70 mL min -1 ). The total Hg concentration of the samples was determined by standard addition technique by CVAAS. 
Indirect determination of methylmercury
Optimization of ultrasound extraction conditions
Assuming that all the CRMs would have behaved similarly during the ultrasonic extraction, DOLT-2 was chosen as the trial sample. This material was used to optimize the experimental parameters to produce 100% relative extraction efficiency. Evaluated parameters were time of sonication, ultrasonic power, and volume of extractants (Figs. 2, 3 and 4) . The sample mass was where Hg total and Hg inorganic are the quantities of mercury.
kept constant for all experiments. The importance of this study was to evaluate the extraction efficiency of three selected extractant used for Hg total , Hg inorganic and Hg organic determination in biological samples. It was observed that the type of extraction solution was a significant factor that affects the results for mercury species. The extraction efficiencies in the ultrasound procedure tested are generally unknown because transformation of species is not assessed by neither standard extraction nor sample preparation protocols and analyses. The performance of these extraction procedures was evaluated by analysis of CRMs with certified values for total mercury and CH 3 Hg + , respectively.
Since the separated determination of inorganic mercury and total mercury with the use of different concentrations of sodium tetrahydroborate (NaBH 4 ) was not possible to carry out with the proposed system, it was further evaluated the use of a different reducing agent, such as SnCl 2 . Then, optimization of the SnCl 2 concentration was performed as a compromise between mercury sensitivity and specificity for inorganic Hg determination in DOLT-2 (Fig. 5) .
The optimized conditions for the ultrasonic extraction procedure are summarized in Table 2 . ; HCOOH, ca. 90%; TMAH, ca. 6%; ultrasonication time, 5 min). ; HCOOH, ca. 90%; TMAH, ca. 6%; ultrasonication time, 5 min; ultrasonic power, 40 W).
Evaluation of various sample pre-treatment methods for total and inorganic mercury determination in biological certified reference materials by CVAAS technique
Comparison of effect of extractant for ultrasound extraction procedures
Three extraction media were tested to investigate their efficiency on the extraction of mercury from biological samples. Hydrochloric acid (HCl), tetramethylammonium hydroxide (TMAH) and formic acid (HCOOH) were used as extractants. The listed chemicals have been commonly used in speciation analysis of mercury in biological samples. A comparison of the analytical results obtained with the three different extraction procedures for the mercury is given in Fig. 6 .
A reasonable question is whether there is an optimum extraction procedure. However, there are still uncertainties to answer this question. Our general observations on the comparison of three extraction procedures are as follows. As can been seen (Figs. 2, 3 and 4) , the efficiency of the extraction strongly depends on the extractant solution. Generally, TMAH extracted the least amount of inorganic mercury (Hg 2+ ), but the efficiency of formic acid to extractant Hg 2+ and CH 3 Hg + was close to 100%. Thus, for Hg 2+ and CH 3 Hg + extraction with formic acid can replace the conventional decomposition procedure by concentrated acid(s).
Analytical characteristics
The severe memory effect of the instrumentation is a significant and difficult problem to overcome during the mercury determination by cold vapor AAS. This problem has been attributed to a combination of several factors [10] . The consequences of these effects include non-linear calibration graphs, long washout times, decreasing sensitivity with time, and signal dependence on the matrix. In this study, potential mercury memory effect was observed. To overcome this limitation, it was necessary to use a solution containing NH 4 OCl (0.1% m/v) and DOLT-2 sample weight, 250 mg employ 1 minute washing time. Then, after each running, the solution was passed through the system for one minute. Table 3 gives the typical residual blank contributions which resulted after rinsing procedure. All figures of merit of the proposed systems and the methods for inorganic and total mercury determination are shown in Table 3 . The limits of detection (LOD, 3 s) and quantification (LOQ, 10 s) from the blanks were calculated from the standard deviation of 10 consecutive measurements. Generally, the extraction procedure chosen had little influence on the detection limit of mercury analysis. The best limit of detection was achieved for total Hg determination -10 ng L -1 . For ultrasonic HCl and HCOOH extractions, limits of detection were 30 ng L -1 . The precision, evaluated as the average relative standard deviation (RSD%), was better than 11%.
Determination of inorganic mercury in certified reference materials
In most of the CRMs, either inorganic or methylmercury are found to be at much higher concentrations relative to the other species, depending on the nature of the material. In all cases, the difference between total and inorganic mercury was taken as methylmercury, leading to a good agreement with the certified reference values.
The results obtained for the determination of total Hg, Hg 2+ and CH 3 Hg + in several CRM are summarized in Table 4 . The determined values for inorganic mercury agree with the certified total mercury, inorganic mercury and methylmercury contents within the 95% probability Evaluation of various sample pre-treatment methods for total and inorganic mercury determination in biological certified reference materials by CVAAS technique level of the certificate to the reference materials investigated. Despite the uncertainty associated to an indirect procedure, the organic mercury concentration, calculated as the difference between the values obtained with and without sample extraction using HCOOH (DOLT-2), also agrees with the certified methylmercury concentration. This demonstrates that most of the organic mercury obtained by arithmetical difference is probably methylmercury. Exceptions are DORM-2 and TORT-2, for which the inorganic Hg concentrations were found to be slightly higher. The accuracy was verified by comparing with a total microwave-assisted acid digestion (Table 4) .
Conclusions
The present study is a critical comparison of different reagents used with the ultrasound extraction method for bringing mercury to a solution. The results obtained using three different extraction reagents indicate that no single method appears to be ideal for the accurate CVAAS determination of total and inorganic mercury in the certified reference materials. However, a simple ultrasound-assisted extraction method for the determination of Hg 2+ and total Hg (Hg 2+ plus CH 3 Hg + ), in biological certified reference materials treated with HCOOH or digested in a microwave system. The determination of total mercury at room temperature, after CRM acid digestion in closed microwave system, assures a limit of detection similar to the one obtained for Hg 2+ . In addition, the method allows estimating the concentration of methylmercury without handling a methylmercury standard. The procedure for the proposed speciation analysis does not require any chromatographic techniques, requiring only a AAS instrument with the simple cold vapor generation device. Simplicity and high efficiency without using chromatographic techniques are some of the qualities of the proposed method, being adequate for speciation analysis of mercury in biological samples. The main features of the present method are the easy implementation and sample preparation since no matrix separation is necessary. The limit of detection for total Hg determination was 10 ng L -1 . The limitation of the method using HCOOH for ultrasonic extraction is relatively higher than the limit of detection: 30 ng L -1 . This drawback could be overcome by coupling the unit to more powerful detectors, such as AFS or ICP-MS, or by pre-concentrating Hg vapor after the derivatization step.
